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™ Injury to Dorsal Root Ganglia Alters Innervation of
Spinal Cord Dorsal Horn Lamina Involved

in Nociception

Shin-Ichiro Nakamura, MD, PhD, and Robert R. Myers, PhD

Study Design. A study of the relation between the
development of mechanical allodynia and the reorganiza-
tion of primary afferent terminals in the sensory lamina of
the rat spinal cord dorsal horn after partial dorsal root
ganglion injury in rats.

Objectives. To investigate the pathologic mechanisms
of mechanical allodynia after partial dorsal root gan-
glion injury.

Summary of Background Data. After experimental pe-
ripheral nerve injury causing neuropathic pain, myelin-
ated afferent fibers sprout into lamina Il of the dorsal
horn. This lamina is associated with nociceptive-specific
neurons that generally are not stimulated by myelinated
fiber input from mechanical receptors. These morpho-
logic changes are suggested to have significance in the
pathogenesis of chronic mechanical allodynia, although it
is not known whether this kind of morphologic change
occurs after dorsal root ganglion injury.

Methods. After partial dorsal root ganglion crush in-
jury, the mechanical force causing footpad withdrawal
was measured with von Frey hairs, and myelinated pri-
mary afferents were labeled with cholera toxin B subunit
horseradish peroxidase, a selective myelinated fiber
tracer that identifies transganglionic synapses.

Results. After partial dorsal root ganglion injury, me-
chanical allodynia developed in the corresponding foot-
pad within 3 days and persisted throughout the experi-
mental period. At 2 and 4 weeks after the injury, B subunit
horseradish peroxidase—positive fibers, presumably my-
elinated afferents, were observed to be sprouting into
lamina Il of the dorsal horn on the injured side, but not on
the contralateral control side.

Conclusions. Morphologic change in spinal cord dor-
sal horn lamina Il occurs after partial dorsal root ganglion
injury. This change may have significance in the patho-
genesis of chronic mechanical allodynia after partial dor-
sal root ganglion injury. [Key words: allodynia, B-HRP,
DRG injury, pain, plasticity] Spine 2000;25:537-542

Traumatic or degenerative injury to the spine that im-
pinges on the dorsal root ganglion (DRG) can give rise to
protracted states of tactile allodynia (i.e., pain to a me-
chanical stimulus that does not normally provoke
pain)."! In posterior decompression surgery, excess ma-
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nipulation of the nerve root can cause tactile allodynia,
which usually develops within several days and contin-
ues for months.

The hypothesis that changes in the neuroanatomic
structure of the dorsal horn pain pathways might be in-
volved in the pathogenesis of this state was explored. It is
suggested that after rat peripheral nerve transection, my-
elinated cutaneous A fibers sprout into lamina II of the
dorsal horn, a region consisting mostly of nociceptive
specific neurons.**!2”*8 This morphologic change in ac-
cess to nociceptive neurons by fibers generally considered
to mediate nonpainful mechanical information is
thought to be one of the pathogenic factors predisposing
to neuropathic pain with chronic allodynia. This link has
been reported after peripheral nerve transection,”” a con-
dition typically associated with deafferentation pain syn-
dromes. Recently, similar AB central fiber sprouting was
seen in some neuropathic pain models such as the Kim
and Chung spinal nerve ligation model® and the chronic
constriction injury model of sciatic neuropathy.'**?

Cholera toxin B subunit horseradish peroxidase (B-
HRP) selectively traces myelinated fibers and can be used
to identify their transganglionic terminals.>'”*® To
study this phenomenon in the context of spine surgery,
the current authors partially crushed rat DRG, then mea-
sured the degree of tactile allodynia and the extent of
B-HRP-positive fiber sprouting in the ipsilateral and
contralateral dorsal horn.

B Materials and Methods

All procedures followed the guidelines outlined by the Interna-
tional Association for the Study of Pain and were approved by
the Veterans Administration/University of California, San Di-
ego Animal Care Committee.

This study used 20 Sprague-Dawley rats weighing 220-260
g. The rats were housed in pairs with soft bedding, a 12-hour
light/dark cycle, and access to food and water ad libitum. One
group of experimental animals (n = 8) was used for 4-week-
long behavior measurements of tactile allodynia after partial
L4 DRG injury. Other animals received the same DRG injury
but were used only for anatomic tracer study at 0 days (n = 4),
2 weeks (n = 4), and 4 weeks (n = 4) after the DRG injury.

The use of separate animals for histologic analysis in neu-
ropathic pain studies reduces the need for behavior testing of
very large groups of animals and preserves the integrity of the
behavior studies group while minimizing biologic variability. It
is agreed generally that animals similarly treated but used only
for histologic study at a specific time in the experimental pro-
tocol would behavior changes at that time the same as those of
animals used for continuous behavior testing.
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The L3 and L4 spinal segments were processed for horse-
radish peroxidase (HRP) histochemistry using the tetramethyl-
benzidine method. Bilateral L4 DRGs were examined histolog-
ically. To help reduce the total number of animals used in this
study, four of the animals used for behavior measurements also
had B-HRP tracer studies performed on them at the end of the
behavior testing period (4 weeks; see later). Spinal cord and
bilateral DRGs were examined in three animals, and the pro-
files of DRG neurons labeled large and small were counted to
determine whether significant differences existed in neuronal
uptake of the tracer after injury.

Surgical Procedure. A combination of sodium pentobarbital
(40 mg/kg) and diazepam (4 mg/kg) was given intraperitoneally
and used for anesthesia during surgery. Bilateral L4 DRGs were
exposed after L4 laminectomy, and partial L4 DRG injury was
created by repeatedly crushing the distal one third of the left
DRG with fine forceps. This method has been used previously
to characterize the physiologic consequences of DRG crush.'®
The contralateral (right) DRG was used as a control. The
wounds were closed, and the rats were allowed to recover in
their normal environment.

Behavior Testing. The mechanical sensitivity of the plantar
footpad was determined using von Frey filament threshold test-
ing. Brisk withdrawal response to stimulation was determined
in experimental animals at 3 consecutive days before and at 1,
3,5, 7,10, 14, 21, and 28 days after surgery using the up-
down method of Chaplan.*

Tracer Study. For tracing of myelinated fibers, HRP was con-
jugated to the cholera toxin B-HRP and injected into bilateral
L4 DRGs. One group of animals was injected with tracer at the
same time they underwent DRG surgery. Other animals were
reanesthetized with pentobarbital/diazepam, and their bilateral
L4 DRGs were exposed for tracer injection 12 or 26 days after
surgery. Using a Hamilton syringe and a 33-gauge needle, 1 mL
of 1.5% B-HRP (Sigma, St. Louis, MO) was injected into the
proximal one third of the DRG endoneurial space. After 48
hours, terminal anesthesia (intraperitoneal sodium pentobarbi-
tal 60 mg/kg and diazepam 6 mg/kg) was administered, and the
animals were heparinized (intraperitoneal heparin 1000 U) and
then perfused with 250 mL of heparinized saline followed by
500 mL of 1% paraformaldehyde and 1.5% glutaraldehyde in
0.1 mol/L phosphate buffer (pH 7.4) at room temperature,'?
and finally 150 mL of 10% sucrose in 0.1 mol/L phosphate
buffer (pH 7.4) at 4 C.

Histologic Processing. Because preliminary study showed
that B-HRP labeled 1.3-L4 spinal segments, these spinal seg-
ments, determined by dorsal root entry zones, were removed
and stored overnight in 30% sucrose in 0.1 mol/L phosphate
buffer at 4 C. Every third 40-mm-thick, free-floating, frozen
section was processed for HRP histochemistry using the tetra-
methylbenzidine method,'*"'? mounted on gelatin-coated
slides, dehydrated, cleared in xylene, and coverslipped
with Permount.

Serial sections of bilateral L4 DRGs (30 ug thick) from four
animals used for behavior testing were processed by the same
method, counterstained with neutral red before dehydration,
and viewed by light microscopy for the purpose of counting
neurons labeled as having large and small diameters. To avoid
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Figure 1. Time course of mechanical sensitivity. Mechanical
threshold decreased and reached its minimum at day 3 after
partial dorsal root ganglion injury. The mean = standard deviation
represents the threshold responses of foot withdrawals to von
Frey filament stimulation. b represents baseline; n = 8; *P < 0.001
compared with baseline; tP < 0.05 compared with control side.

double counting, only neurons containing a nucleus
were counted.

The distinction between large and small neurons was deter-
mined by size and the following characteristics of the neuron. A
large neuron was defined as more than 40 mm in diameter with
a lightly stained cytoplasm and a centrally located nucleolus. A
small neuron was defined as less than 40 mm in diameter with
a darkly stained cytoplasm and a peripherally located nucleo-
lus.'? Bilateral L4 DRGs of animals used for histologic study
were embedded in plastic, and 2-mm-thick sections stained by
p-phenylenediamine were examined by light microscopy.

Statistics. Data are expressed as the mean * standard devia-
tion. Behavior data were compared within and between groups
using repeated measure ANOVA followed by Scheffe post hoc
analysis. Labeled cell profiles were compared between groups
using Welch’s ¢ test. A P less than 0.05 was consid-
ered significant.

H Results

Behavior Testing

After DRG injury, the animals displayed a significant
decrease in mechanical threshold response to von Frey
hair stimulation that began 1 day after ipsilateral DRG
crush and continued throughout the remaining 4 weeks
of observation (Figure 1). The peak of allodynia oc-
curred on day 3 after injury. The control (contralateral)
side showed a mild decrease in mechanical threshold re-
sponse from baseline values, but it was not significantly
different from presurgery values. No animals showed pa-
resis.

Tracer Study

In the spinal cord, the control side showed labeling of
dorsal horn laminae I, TII, IV, and V (Figure 2A, 2C, and
2E). In several sections, a few fibers were found in lamina
II. Laminae I and II were labeled at the middle of the L3
spinal segment, and labeling shifted medially to laminae
I and III caudally until only laminae IV and V were la-
beled in the distal part of the L4 segment.
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Figure 2. Photomicrographs
showing the distribution of the
cholera toxin B subunit horse-
radish peroxidase (B-HRP) cen-
tral afferent terminal label in the
L3 dorsal horn. A and B, C and D,
E and F are corresponding sec-
tions of freshly injured tissue 2
and 4 weeks, respectively, after
partial dorsal root ganglion in-
jury. In the freshly injured group,
both the control (A) and injured
(B) sides clearly are devoid of
the B-HRP label in lamina Il (ar-
row). In the 2 weeks after injury
group, the control side (C) clearly
is devoid of the label in lamina II,
whereas significant label in lam-
ina Il can be seen on the injured
side (D). In the 4 weeks after
injury group, no label in lamina I
can be seen on the control side
(E), but significant label, almost
the same degree as in the 2
weeks after injury group, in lam-
ina Il can be seen on the injured
side (F). Bar = 100 um.

In dorsal horn lamina ipsilateral to the injured DRG,
no difference in labeling existed between control tissue
and injured DRG given tracer at the time of DRG injury
(Figure 2B). However, every experimental animal stud-
ied at 2 or 4 weeks after injury displayed extensive label
in lamina IT and in laminae I, ITI, IV, and V of the ipsi-
lateral dorsal horn (Figure 2D and 2F). Although its ex-
tent varied in each animal, labeling density of lamina II
was as strong as in laminae I and III.

Pathology
The control DRG appeared to be normal, with large-
caliber myelinated fibers intermixed with large and small
neurons (Figure 3A).

In crushed DRG, the injured area occupied one half to
three fourths of the DRG volume. At 2 weeks after in-

jury, edema, degenerated myelinated fibers, and phago-
cytic cells containing lipid debris were found. By 4
weeks, numerous regenerated small-caliber myelinated
fibers also were present in the endoneurium (Figure 3B).

Cell Count of Labeled Neurons
The injured DRG contained 802.5 = 268.8 labeled large
neurons on the average (Figure 4) and 24 * 6.7 labeled
small neurons as counted by light microscopy in 30-pum-—
thick sections. The small neurons labeled per total neu-
rons labeled was 3.2% =+ 1.1%. The control DRG con-
tained 970.5 = 439.5 labeled large neurons on the
average and 28.3 *= 13.7 labeled small neurons. The
small labeled neurons per large neurons labeled was
2.9% = 0.3%. Neither of these changes was significant.
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Figure 3. Photomicrograph showing L4 dorsal root ganglia 4
weeks after the injury. Many large-caliber myelinated fibers and
neurons can be seen on the control side (A). On the injured side,
many of the large-caliber myelinated fibers are degenerated, and
many regenerated small-caliber myelinated fibers can be seen.
However, there still are intact fibers and neurons (B). p-
phenylenediamine staining. Bar = 100 wm.

H Discussion

Neuroanatomic methods have been used repeatedly to
explore relations between peripheral function and cen-
tral structure. Of particular interest to spine surgeons are
the central mechanisms through which injury to the dor-
sal root ganglion gives rise to tactile allodynia (i.e., the
pain caused by innocuous stimulation of peripheral
mechanoreceptors). Several experiments discussed later
have suggested that the central axonal projections from
DRG neurons associated with innocuous proprioception
gain access to nociceptive neurons in the spinal cord dor-
sal horn after severe nerve injury, and that this change
may be related to the pathogenesis of mechanical allo-
dynia. The question asked in this study was whether
DRG crush injury causes these anatomic changes in the
central innervation of pain structures. Specifically, the
authors measured behavior responses to peripheral me-
chanical stimulation and asked whether DRG crush in-
jury causes cholera toxin B-HRP-positive fibers to
sprout into the ipsilateral dorsal horn lamina II.

The B subunit of cholera toxin conjugated to B-HRP
has been used widely as a retrogradely transported
marker to study transganglionic axonal terminations.
Originally used by Stoeckel** in retrograde axonal trans-
port studies, B-HRP is known to bind to GM1 ganglio-
side (a constituent of only myelinated axons) and to label
myelinated fibers, large DRG neurons, and their primary
afferent terminals in rat dorsal horn.*>!'” More recently,
B-HRP has been used extensively by Woolf et al*”*® to
study the changes in dorsal horn innervation after pe-
ripheral nerve axotomy, and by others to study less se-
vere injuries to nerve fibers that give rise to allodynic
pain states.®!%23:27

In the rat, myelinated afferent fibers terminate pre-
dominantly in lamina I (A8) and in laminae III, IV, and V
(A8 and AB) of the dorsal horn, whereas unmyelinated
primary afferent fibers terminate primarily in lamina
I1,7-8:10:16,20.22.25 4 region consisting mostly of nocicep-
tive specific neurons?” integral to pain processing. Using
retrograde transganglionic tracing and other techniques,
it has been concluded that nerve axotomy induces
sprouting of myelinated primary afferent fibers into lam-
ina II of the dorsal horn.>”*® Moreover, it is postulated
that this structural reorganization contributes to the de-
velopment of allodynia that begins shortly after the in-
jury and persists for months.

In this study, these results are extended, showing that
similar changes in B-HRP labeling of dorsal horn lamina
IT occurs after experimental DRG injury. Furthermore,
these changes are associated with the development of
mechanical allodynia displayed in a temporal pattern
consistent with the hypothesized link between myelin-
ated fiber sprouting in lamina II and the development
of allodynia.

In the current study, B-HRP injected into control
DRG showed labeled terminals only in laminae I, III, IV,
and V, a finding consistent with other reports.®!*2327
The data also indicate that there was no direct uptake by
unmyelinated small neurons that terminate in lamina II

Figure 4. Photomicrographs showing the labeled neurons on the
injured side of L4 dorsal root ganglia 4 weeks after the injury. Most
of the labeled neurons are large neurons. Bar = 100 um.
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after injection of the tracer directly into normal DRGs.
There was no label in lamina II of animals that had B-
HRP injected just after DRG injury. There also was no
significant difference between the proportion of labeled
small neurons and that of labeled large neurons between
injured and control DRG 4 weeks after the injury. How-
ever, after DRG crush injury, sprouting of B-HRP-
positive fibers was noted in the ipsilateral dorsal horn
lamina IT 2 and 4 weeks after injury. These data support
the Woolf et al*”-*® hypothesis.

This hypothesis is appealing because myelinated AB
fibers signal vibratory sense, light touch, and position
sense in normal skin, but not painful stimuli.'> Behavior
and pharmacologic studies of mechanical allodynia us-
ing differential nerve blocks with local anesthetics and
limb compression have emphasized uniformly that allo-
dynia is mediated by the activation of low-threshold,
rapidly conducting, and presumably large primary affer-
ents (A fibers)."*? This hypothesis is based on the pre-
sumed functional connections of A sprouts with neu-
rons in lamina II shown to occur after nerve
transection.”®

At 2 weeks after axotomy, 15 times more synaptic
terminals in lamina II than normal were labeled by B-
HRP. These sprouted A fibers evoked monosynaptic
cord dorsum potentials in lamina II neurons similar in
configuration to those produced by identified nocicep-
tors in control tissue.” It also was shown that there was
facilitation in response to the conditioning—testing pairs
paradigm. As further support for the hypothesis, these
sprouts into lamina II remained more than 6 months
after the axotomy and did not degenerate after periph-
eral fibers reinnervated the periphery.?® Although behav-
ior and histologic observations in this study were limited
to 4 weeks, this time course of sprouting is consistent
with the long-lasting character of allodynia associated
with DRG injury.

A recent report, however, questions the underlying
assumptions of these associations and demonstrates that
the cholera toxin B subunit may be taken up by injured
unmyelinated axons in the rat and by small unmyeli-
nated axons found normally in the monkey.*® In the
normal monkey, cholera toxin B subunit labeling is seen
primarily in dorsal horn laminae I and II, whereas in the
rat, it is confined largely to laminae Il to V. After injury
to monkey axons, small DRG neurons take up the tracer.
This also may occur in the rat to a greater degree than
had been appreciated originally.?®

Although it is difficult at this time to reconcile these
apparent conflicting neuroanatomic studies, it is clear
from the current experiments that rat DRG injury causes
mechanical allodynia as well as B-HRP axonal uptake
and transport to dorsal horn lamina II. This occurs in a
way that differs from the control state, with function-
specific segregation of afferent input to specific dorsal
horn laminae. Further study on the relation between
structure and function should provide information to

resolve these possible discrepancies and improve our un-
derstanding of the neuroanatomic basis of pain.

H Key Points

e Injury to a dorsal root ganglion (DRG) is often
associated with chronic sensitivity to mechanical
stimulation of the associated dermatome.

e Dorsal root ganglion neurons are the primary
sensory neurons of the peripheral nervous system.
e The superficial dorsal horn lamina of the spinal
cord contain second-order neurons with synaptic
connections from DRG neurons organized primar-
ily by sensory function.

e After DRG injury, there is anatomic evidence
that peripheral nerve fibers conveying propriocep-
tive information sprout into the dorsal horn lamina
(IT) associated with nociception.

e These anatomic changes may relate to the devel-
opment of mechanical allodynia after DRG injury.
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